I. INTRODUCTION
A wide range of materials can be modified advantageously by ion beams. During implantation, target temperature is a critical parameter. In the field of ion implantation into Si, in the literature it has been reported that hightemperature implantation can result in dynamic recovery of irradiation damage and redistribution of implanted atoms. For example, high dose O ϩ implantation into Si wafers ͑500-700°C͒ followed by high-temperature annealing ͑1300-1405°C͒ has been used to produce Si film on buried SiO 2 substrates for advanced complementary metal-oxide semiconductor circuits. [1] [2] [3] [4] [5] [6] Room-temperature implantation results in such a high level of irradiation damage in the top silicon layer that high quality silicon thin films cannot be made, even by high-temperature annealing. [1] [2] [3] [4] [5] [6] This demonstrates the necessity for, and advantage of implantation at a high target temperature. In a previous publication, 7 we reported some advantages and indirect evidence regarding dynamic annealing effects during high-temperature implantation of Ag ϩ into YBa 2 Cu 3 O 7Ϫ␦ ͑YBCO͒ oxide films. In this case, oxygen starts migrating at a ͑lower͒ temperature between 250 and 300°C. 8 The oxygen displacements from chain sites will result in loss of superconductivity and increase of oxygen vacancies in the film, which lead to structural defects. For this reason, it was necessary to perform in situ oxygen annealing to attain oxygen enrichment and ordering in YBCO films. 7 These facts prevent direct observation of dynamic annealing effects. The perovskite oxides SrTiO 3 and LaAlO 3 are useful substrates for epitaxial growth of high quality YBCO films. Each contains three elements and has perovskite structure ͑however belonging to the cubic system͒, and so provides ideal samples for the study of dynamic annealing effects in oxide single crystals. Ion implantation can be used to produce an ion-beam damaged surface for subsequent epitaxial growth of YBCO films. In this case, the damaged layer may exhibit some selected defects that are useful for studying the microwave loss mechanisms. This interest of ion implantation has been heightened by the observation of colossal magnetoresistance in the perovskite oxides, 9 which offers the possibility of developing a new generation of thin-film recording heads. Despite a substantial corpus of work on ion implantation of oxides, including high T c oxide materials 10 and oxygen ionic conducting oxides, 11, 12 the advantages and dynamic annealing effects of high-temperature implantation into the perovskite oxides have not yet been investigated and exploited. We note a recent publication 12 reporting that high-temperature implantation causes radiation-enhanced annealing as well as radiation-enhanced diffusion of implanted La into TiO 2 ͑i.e., rutile, which is a hard and chemically resistant coating material͒. In that case, the high-temperature ͑827°C͒ implantation resulted in almost complete recovery of the lattice disorder.
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II. EXPERIMENTAL
The materials investigated in this work were one-side polished commercial ͑100͒ SrTiO 3 and LaAlO 3 single crystals. The stable oxygen isotope 18 O was implanted at 200 keV to a dose of 5ϫ10 16 ions/cm 2 , at 7°to the surface normal to minimize channeling effects, at ͑1͒ room-temperature ͑RT͒ and ͑2͒ 500°C. The beam current density was about 1 ϫ10 Ϫ4 A/cm 2 ͑equivalent to 6.25ϫ10 14 ions/cm 2 s͒, and the 8 cm 2 target was in the beam for a total of 12 min. Because of the design of the target scanning system, in which the target is moved through a stationary beam, the use of beam time is very inefficient, and the total implantation time was about 1 h. RT and elevated-temperature samples were mounted side-by-side in order to achieve identical concurrent implantation conditions. Post-irradiation annealing was performed, at 500°C for 45 min, in flowing natural oxygen ambient. The crystallinity of as-implanted and annealed materials was investigated by Rutherford backscattering spectrometry ͑RBS͒ and ion channeling analysis, using a 10 nA beam of 2.0 MeV 4 He ϩ at a scattering angle of 165°. Ag paste was painted onto the sample edge, and no surface charging effects were observed under the beam. 18 O depth profiles were measured using the 18 O(p,␣) 15 N nuclear reaction analysis ͑NRA͒ ͑Refs. 13 and 14͒ at a proton energy of 730 keV. The Q of this convenient reaction was such that the energy of the ␣ particles emitted is 3.394 MeV. A scattering angle of 150°was used, with the sample tilted at 35°to the beam in order to improve depth resolution. A standard Rutherford backscattering setup was used for the analysis. In our case, the depth resolution is about 17 nm at the surface and about 24 nm at the depth of 500 nm. Energy calibration was performed through RBS analysis of the oxide samples. Some channeled NRAs were also performed at a scattering angle of 150°with zero sample tilt in order to estimate the percentage of 18 O retained in substitution sites.
III. RESULTS AND DISCUSSION
Random ͑line 1͒ and channeled ͑line 2͒ RBS spectra are presented for 500°C ͓Fig. 1͑a͔͒, and RT ͓Fig. 1͑c͔͒ 18 O ϩ implanted SrTiO 3 , together with the channeled spectra for the initial unirradiated sample ͑ min Ϸ0.8% in the surface region͒ ͓line 3, Fig. 1͑a͔͒ and the post-irradiation annealed RT sample ͓line 3, Fig. 1͑b͔͒ . The solid lines in Fig. 1 show the random spectra for bulk SrTiO 3 ͓Fig. 1͑a͔͒ and 400 nm SrTiO 3 ͓Fig. 1͑b͔͒ simulated by RBX code, 15 plotted with arbitrary vertical units to provide a depth reference for the damage. Figure 2 shows the ␣ particle energy spectrum from the RT implanted sample. In the inset, the calibrated depth profiles are shown for the RT ͑line 1͒ and 500°C ͑line 2͒ samples, obtained under identical NRA conditions. The conversion from energy spectrum, i.e., count vs energy of emitted ␣ particles͒ to depth profile ͑i.e., relative count vs depth͒ is achieved by using the stopping power of ␣ particles in SrTiO 3 calculated by TRIM-95 code, 16 while the effect of the change in the nuclear reaction cross section on the count per channel, due to the energy loss of the protons in the implanted layer (ϳ50 keV), was calibrated using a relative cross-section factor inferred from the reported cross section. 13 The as-implanted 18 O and damage distributions for the RT sample are presented in Fig. 3 . The NRA concentration ͑line 1͒ calibration assumes that after implantation the density of SrTiO 3 is unchanged and all the implanted 18 O ͑the nominal dose͒ has been trapped in the implanted region. The distribution is essentially skew-Gaussian and the 18 O concentration peak is at a depth of about 284 nm. Lines 2, 3, and 4 show simulated 18 O, vacancy, and dpa ͑displacements per atom͒ depth profiles. 16 The experimental and calculated range data are in good agreement ͑see Table I͒, although the experimental profile is slightly wider than the simulated profile ͑see lines 1 and 2 in Fig. 3͒ . The simulation predicts that near the damage peak, each target atom will on average have been displaced 28 times, and so it is to be expected that room-temperature implantation will amorphize the material. Indeed, lines 1 and 2 in Fig. 1͑b͒ show that RT implantation results in an essentially amorphous layer to a depth of ϳ400 nm, min rapidly increasing from 81% at the surface to 96%. The depth of the damage layer is in very good agreement with the simulated dpa profile ͑see line 4 in Fig. 3͒ .
In the case of 500°C implantation, dynamic annealing effects are clearly visible, since min in the surface region is equal to 3% ͓Fig. 1͑a͔͒. Here, we define dynamic annealing in a similar manner to Williams for high-temperature ion implanted Si. 17 During higher temperature implantations when defects ͑such as Frenkel pairs͒ produced by irradiation are mobile, defect annihilation and agglomeration occur synchronously with their production. At this stage, defect production competes with dynamic defect annealing in determining the resultant disorder structure. If the implantation temperature exceeds some threshold value, amorphization of the target materials is unlikely to occur since defect annealing dominates defect production. More importantly, high implantation temperatures may induce thermal redistribution of implanted species, in addition to the irradiation enhanced diffusion. Dynamic annealing effects are taken to include dynamic defect annealing and dynamic redistribution of implanted species during irradiation. In addition, clearly the definition of dynamic annealing is not only suitable to the implanted species of inert gas. The inset in Fig. 2 shows that the 500°C implantation resulted in a flat-topped distribution accompanied by in situ release of 18 O. No indiffusion of 18 O into the undamaged region ͑i.e., beyond a depth of 500 nm͒ is observed ͑line 2, Fig. 2 inset͒. The total retained dose for the 500°C implanted sample is about 48% of that for the RT implanted sample and so about 52% of implanted 18 O has been released from the sample in situ.
Lines 1 and 2 in Fig. 4 show random and channeled NRA spectra from the 500°C implanted sample. The depth resolution is not as high as in Fig. 2 since the sample was not tilted during analysis. The ratio of areas under lines 2 and 1 between channels 200 and 224 in Fig. 4 ͑i.e., measurements of emitted ␣ particles from the implanted layer under channeled and random conditions͒ is equal to 36% ͑i.e., impurity measured by the NRA͒. However, this does not mean that only 64% of the retained 18 O are in substitutional sites, since the dechanneling effect on low-energy ͑730 keV͒ protons is much clearer than that for 2.0 MeV 4 He ϩ as shown in lines 1 and 2 in Fig. 5 ͑RBS spectra for the 500°C implanted sample͒. In the implanted layer, min measured with a proton beam increases from 10 to 24% ͑i.e., the averaged host measured by the RBS is equal to 17%͒, while the 2.0 MeV 4 He ϩ beam yield increases from 3 to 10% ͑lines 1 and 2 in Fig. 1͒ . In addition, ␥ min ͑2.0 MeV 4 He ϩ ͒ measured in the same region of the unirradiated perfect crystal also increases from about 1 to 4%. That means that the dechanneling effect of the proton beam has made a significant contribution to the count obtained from the emitted ␣ particle yield shown in line 2 in Fig. 4 . Taking into account the correction due to the larger low-energy proton beam dechanneling, and min for the initial perfect crystal, the percentage of 18 O retained in substitutional sites is 77%. We note that the application of the formula for substitutional lattice site occupation: f ϭ(1Ϫ impurity )/(1Ϫ host ) can facilitate the above discussion and gives the same value of 77%. In addition, the actual percentage may be still larger since there may be further effects to consider for the channeled NRA spectrum. For example, single crystal Y-stabilized ZrO 2 ͑YSZ͒ annealed in an 18 O gas ambient, should retain all exchanged 18 O in substitutional sites, but is observed that channeled NRA yields a similar substitutional percentage in the YSZ sample to that in the 500°C implanted SrTiO 3 .
14 Therefore, we conclude that at least 77% of the retained 18 O atoms are in substitutional sites in the case of 500°C implanted SrTiO 3 . During 500°C implantation, many point defects are generated that are annihilated by dynamic recovery processes, while some point defects remain to form extended defects. In particular, line 2 in Fig. 1͑a͒ shows some residual damage in the region around mark D. It seems that much of the retained 18 O has exchanged sites with 16 O in the 500°C implanted sample, since the material remains as good quality single crystal. In this case, the extra oxygen ͑ 18 O and 16 O, i.e., the number excess above stoichiometric SrTiO 3 ͒ has escaped from the sample, probably forming gaseous oxygen molecules. For the RT implanted sample, which is essentially amorphous, the extra oxygen is retained, since there is little thermal energy for activating its diffusion and release. In fact, SrTiO 3 ͑density 5.12 g/cm 3 ͒, contains 5.1ϫ10 22 ) only corresponds to 2% of the total oxygen already present in the implanted region of SrTiO 3 (ϳ500 nm).
We report here on self-implantation of oxygen, a species already present in the target. After RT implantation, the implanted region is essentially amorphous. It seems that no oxygen outdiffusion occurred in these cases 18, 19 although the damage within the implanted region is attributable to oxygen displacement. The 500°C implantation resulted in a rather different case: the simulated damage of 28 dpa is no longer meaningful because of dynamic annealing effects. Either the threshold damage level for amorphization was not reached or else the energy deposition threshold for amorphization increases 17 as a result of dynamic annealing. It should be noted that during high-temperature implantation some of the energy deposition of the implanted ions resulted in defect annihilation and agglomeration whereas it results mainly in defect production for RT implantation. As we have mentioned that only 48% implanted 18 O remained in the sample and at least 77% of this retained 18 O occupied substitutional sites. The material remained as good quality single crystal and the cubic structure of SrTiO 3 is stable, thus, it can be expected that most of the replaced 16 O ͑i.e., those 16 O atoms with their lattice sites having been taken by the implanted 18 O atoms through oxygen isotopic exchange͒ will diffuse out of the sample. In other words, the total released 16 O is about 1.8ϫ10 16 /cm 2 and total released 18 O is about 2.6 ϫ10 16 /cm 2 ͑i.e., 52% of the implanted dose͒. We assume that about 23% of the replaced 16 O could be trapped by residual defects rather than being released ͑on the basis that about 23% of the retained 18 O occupied non-substitutional sites͒, and so the total released 16 O amounts to about 1.4 ϫ10 16 /cm 2 ͑or 0.56% of the total oxygen already in the implanted layer͒. However, it should be noted that we have no analytic technique to monitor such relative change of the absolute 16 O content. We can monitor у2% of relative change of the absolute 16 O content in the surface region of the implanted layer by 3.05 MeV 4 He ϩ RBS. Naguib and Kelly 20, 21 have investigated implantation of nonmetallic solids and proposed a formalism using a modified thermal spike model, to predict whether the final material will be amorphous or crystalline. Atoms in the cascade volume are in a transient, pseudo-liquid state surrounded by the original lattice. As the perturbation relaxes, the crystallization front propagates a distance x c inwards from the surrounding lattice. If x c is greater than the mean atomic spacing , then the materials will crystallize. x c has an explicit dependence on the bulk temperature, T ϱ :
where T m is the melting temperature. Putting in values for SrTiO 3 T m ϭ2353 K, T ϱ (low)ϭ300 K and T ϱ (high) ϭ773 K, the model predicts an increase in x c of a factor of 2.0 at the high-temperature implantation. If we apply this model to our case, we may conclude that during 500°C implantation x c is greater than and so most of the irradiation damage is annihilated as it forms and good crystalline order is maintained after implantation.
C. W. White et al. 22 report good regrowth at a rather low temperature of SrTiO 3 amorphized by Pb ϩ implantation ͑540 keV, 1ϫ10 15 /cm 2 at 125 K͒. This implantation resulted in disorder in both metal cation sublattices to produce the amorphous state, corroborating our findings for RT 18 O ϩ implanted SrTiO 3 ͓see lines 1 and 2 in Fig. 1͑b͔͒ . In fact, the oxygen sublattice has also been damaged but it cannot be observed by RBS. Therefore, during the lower temperature implantation, the displacement of target atoms resulted in amorphization since defect production dominated the process. The amorphous layer induced by ion implantation in oxides recrystallizes epitaxially by furnace heating, the activated process proceeding from an underlying seed crystal. With the assumption that the observed epitaxial recrystallization of annealed Pb ϩ implanted sample ͑in air͒ is a thermally activated process White et al. 22 obtained a rather low activation energy of 0.77 eV. It can be expected from the regrowth curve reported by them 22 that epitaxial regrowth could proceed at a temperature as low as 225°C. It is also interesting to compare this with our result obtained from 500°C 18 O ϩ implanted SrTiO 3 . Our implantation temperature is much higher than the critical regrowth temperature during the post-irradiation annealing. Moreover, during hightemperature irradiation the annihilation and agglomeration of point defects are more probable than during post-irradiation annealing: the effect of dynamic annealing is that the sample was never amorphized. RBS and ion channeling studies ͓Fig. 1͑a͔͒ showed that some extended defects ͑such as dislocation loops͒ remained within the implanted layer especially near the end of the range. However, the defect density is much lower than in the post-irradiation annealed sample ͑i.e., annealed at similar temperature, see below͒. In addition, even following higher temperature post-irradiation annealing, the regrown amorphous layer may be more granular than the initial layer 23 or the layer formed by the high-temperature implantation. Positive confirmation of the detailed defect structures will require cross sectional transmission electron microscopy observations. Calibrated 18 O concentration distributions are shown in Fig. 6 for 500°C ͑line 2͒, RT ͑line 1͒, and RT plus 500°C annealed ͑line 3͒ samples. Note that the 18 O dose retained after post-irradiation annealing ͑Fig. 6, line 3͒ is only 34% for that in the RT sample ͑Fig. 6, line 1͒. It can be seen ͓Fig. 1͑b͒, line 3͔ that min is equal to 33% at the top surface increasing to 72% at a depth of 230 nm. It is clear that the RT implantation and post-irradiation annealing resulted in much less recovery of damage, in spite of the NRA ͑line 3 in Fig. 6͒ observation showing diffusion and exchange of about 66% of the retained 18 O with 16 O in the annealing ambient.
The quantity of 18 O released is greater than that for the 500°C implanted sample. Following RT implantation most of the retained 18 O atoms are weakly and become more unstable during post-irradiation annealing. In addition, the hump around the mark d ͑at a depth of ϳ465 nm͒ in Fig.  1͑b͒ shows some residual end-of-range defects formed at the interface region between the implanted and unimplanted layers. These results illustrate that dynamic annealing effects are very different from post-irradiation annealing effects, since amorphized material requires thermal energy to contribute both to ͑1͒ recovery of crystallinity and ͑2͒ activation of the implanted species. For better recovery of the damage, a higher post-irradiation annealing temperature must be chosen. Even so, when the amorphized layer recrystallizes, it normally contains disoriented regions and thus is more granular than the initial single crystal, leading to a deterioration in material quality. The dynamic annealing in the crystalline material implanted at high temperature may be seen as an increase in the effective threshold energy density for amorphization 17 since defect annealing dominates defect production. Some extended defects may remain in the material as a result of agglomeration of point defects. Note that in our case the total implantation processing time was about 1 h, allowing plenty of time for dynamic annealing.
It would be of interest also to compare our postirradiation annealing data with the results of C. W. White et al. 22 For the Pb ϩ implanted SrTiO 3 sample ͑540 keV, 1ϫ10 15 /cm 2 at 125 K͒ White et al. reported that the annealing condition ͑400°C 30/min, in air͒ is sufficient to achieve complete epitaxial crystallization of the amorphous layer. The value of min behind the surface peak is about 9% in their Fig. 45 , which is better than 33% for our RT implanted SrTiO 3 after post-irradiation annealing ͓500°C/45 min, in flowing oxygen ambient Fig. 1͑b͒, White et al. noted that although the damage layer crystallized epitaxially, the regrown layer has a high density of defects relative to the unimplanted near-surface region because the aligned RBS count in the implanted region after annealing is considerably greater than that in the unimplanted region. 22 In addition, our research shows similar dynamic annealing for 18 O implanted LaAlO 3 at 500°C. Figures 7͑a͒ and 7͑b͒ shows random and channeled RBS spectra from 500°C implanted LaAlO 3 ͑200 keV 18 O ϩ , 5ϫ10 16 /cm 2 ͒. Identical RT irradiation produced an essentially amorphous layer to a depth of ϳ400 nm. 24 Dynamic recovery of the damage is slightly less effective than in SrTiO 3 , as min is about 6.8% for the LaAlO 3 and about 3% for SrTiO 3 , and also the residual damage region ͑see the region marked with D in Fig.  5͒ is more pronounced in LaAlO 3 . Single crystal LaAlO 3 is highly twinned and the SrTiO 3 is not, which could be an explanation of the above observation.
IV. SUMMARY
Single crystal SrTiO 3 has been irradiated with 200 keV 18 O ions to a dose of 5ϫ10 16 /cm 2 , at room temperature and 500°C. Implantation at 500°C resulted in dynamic annealing effects, ion channeling showing min of 3% in the nearsurface region. An important observation is that the retained 18 O in the sample shows a flat-topped distribution and at least 77% of the retained 18 O occupies substitutional sites. Similar effects are observed in single crystal LaAlO 3 . We conclude that suitable high-temperature implantation can be applied to ͑1͒ dope impurities into oxide single crystals without amorphization and ͑2͒ control the residual damage level and redistribution of implanted ions.
